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Abstract.  Multiple immunolabeling of cryosections 
was performed to compare the subeellular distributions 
of the two marmose 6-phosphate receptors (MPRs) in- 
volved in the intracellular targeting of lysosomal en- 
zymes: the cation-dependent (CD) and cation-indepen- 
dent (CI) MPR. In two cell types, the human hepatoma 
cell line HepG2 and BHK cells double transfected 
with cDN/is encoding for the human CD-MPR and 
CI-MPR, we found the two receptors at the same sites: 
the trans-Golgi reticulum (TGR), endosomes, electron- 
dense cytoplasmic vesicles, and the plasma membrane. 
In the TGR the two receptors colocalized and were con- 
centrated to the same extent in the same HA I-adaptor 
positive coated buds and vesicles. Endosomes were 
identified by the presence of exogenous tracers.  The 
two MPR codistributed to the same endosomes, but 
semiquantitative analysis showed a  relative enrichment 
of the CI-MPR in endosomes containing many internal 
vesicles. Two endosomal subcompartments were dis- 
cerned, the central vacuole and the associated tubules 
and vesicles (ATV).  We found an enrichment  of CD- 
MPR over CI-MPR in the ATV. Lateral segregation of 
the two receptors within the plane of membranes was 
also detected on isolated organelles.  Double immuno- 
labeling for the CD-MPR and the asialoglycoprotein 
receptor,  which mainly recycles between endosomes 
and the plasma membrane,  revealed that these two re- 
ceptors were concentrated in different subpopulations 
of endosomal ATV. The small GTP-binding protein 
rab4,  which has been shown to mediate recycling from 
endosomes to the plasma membrane,  was localized at 
the cytosolic face of many endosomal ATV. Quantita- 
tive analysis of double-immunolabeled cells revealed 
only a limited codistribution of the MPRs and rab4 in 
ATV.  These data suggest that the two MPRs exit the 
TGR via the same coated vesicles, but that upon ar- 
rival in the endosomes CD-MPR is more rapidly than 
CI-MPR,  segregated into ATV which probably are 
destined to recycle MPRs to TGR. 
an early stage in their biosynthesis,  soluble lysosomal 
enzymes become selectively phosphorylated on spe- 
cific mannose residues.  This provides the enzymes 
with a signal that is recognized by mannose 6-phosphate  re- 
ceptors (MPRs)', which encounter their ligands in the trans- 
Golgi reticulum (TGR)  (Duncan  and Kornfeld,  1988) and 
mediate their targeting  to lysosomes. Two distinct MPRs 
have been identified.  The first was discovered by Sahagian 
et  al.  (1981), and  is  now  generally  referred  to  as  the 
cation-independent  MPR (CI-MPR). It has an apparent mo- 
lecular mass of ~ 300 kD and is identical  to the type II 
insulin-like growth factor receptor (Kiess et al., 1988; Mor- 
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1.  Abbreviations  used in  this paper:  ASGPR,  asialoglycoprotein  recep- 
tor;  ATV, associated  tubules  and  vesicles;  CD-MPR,  cation-dependent 
MPR; CI-MPR, cation-independent MPR; mannose 6-phosphate receptor; 
Tf-HRP, transferrin-HRP;  TGR, trans-Golgi  reticulum. 
gan  et al.,  1987).  The involvement  of the CI-MPR in the 
translocation  of newly synthesized  lysosomal enzymes to 
lysosomes  has been well established (for review see Kornfeld 
and Mellman,  1989). The second receptor is a homodimer 
of 46 kD (Hoflack and Kornfeld,  1985a), which is now often 
referred to as the cation-dependent  MPR (CD-MPR), be- 
cause ligand binding is improved by the presence of divalent 
cations at certain conditions (Hoflack  and Kornfeld, 1985a,b; 
Junghans et al., 1988; Watanabe et al., 1990). Like the CI- 
MPR, the CD-MPR is involved in the targeting of lysosomal 
enzymes to lysosomes (Braulke  et al.,  1988;  Stein  et al., 
1987a).  Both receptors bind phosphorylated oligosaccha- 
rides at a slightly acidic pH and release their ligands at pH 
5.5 or less (Hoflack et al., 1987; Tong and Kornfeld,  1989). 
Binding  to their  receptors prevents  lysosomai enzymes 
from being secreted.  Instead,  they are selectively segregated 
into clathrin-coated  areas of the TGR, which form vesicles 
which are destined for fusion with endosomes. This process 
is mediated by an oligomeric protein complex present in the 
coats, the HA 1-adaptor, which binds to the cytosolic tail of 
© The Rockefeller University Press, 0021-9525/93/06/997/14 $2.00 
The Journal of Cell Biology, Volume 121, Number 5, June 1993 997-1010  997 the CI-MPR (Glickman et al., 1989). After being transported 
to endosomes, ligands dissociate from their receptor due to 
the acidic environment, after which the MPRs recycle to the 
TGR or plasma membrane and lysosomal enzymes are in- 
corporated into lysosomes (Brown et al.,  1985;  Jin et al., 
1989;  Goda and Pfeffer,  1988).  Exogenous lysosomal en- 
zymes carrying mannose 6-phosphate can bind to the CI- 
MPR at the cell surface and be delivered to lysosomes via 
the endocytotic pathway (for review see Kornfeld and Mell- 
man, 1989). In contrast to the CI-MPR, the CD-MPR is not 
able to bind lysosomal enzymes at the cell surface and hence 
does not participate in the endocytosis of  lysosomal enzymes 
(Stein et al.,  1987a). 
Although the CD-MPR has been implicated to mediate the 
transport of lysosomal enzymes from the  TGR to  endo- 
somes, Chao et al. (1990) reported a finding that indicated 
an additional, unexpected, function of the CD-MPR. Trans- 
fection of BHK and mouse L ceils with cDNA encoding the 
human CD-MPR leads to the enhanced secretion of newly 
synthesized  lysosomal  enzymes.  Two  possible  pathways 
were postulated to explain the mechanism which enables the 
CD-MPR to deliver ligands to both lysosomes and the ex- 
tracellular environment. The CD-MPR may accompany its 
ligand all the way to the plasma membrane where ligand dis- 
sociation is induced by the external milieu. Alternatively, the 
CD-MPR-ligand complexes may dissociate within early en- 
dosomes after which free ligands could reach the cell surface 
by incorporation into vesicles that bud from the early endo- 
some and fuse with the plasma membrane. The latter hypoth- 
esis could imply that the two receptors deliver their ligands 
either to the same endosomes, and that ligand dissociation 
occurs at different stages of the endosomal pathway, or that 
the two types of MPR deliver their ligands to different sub- 
sets of endosomes. 
The functional differences between the two MPRs may be 
reflected in differential steady-state distributions of the two 
receptors. Two previous immunocytochemical studies failed 
to reveal such differences, probably because of the low ex- 
pression levels of CD-MPR (Bleekemolen et al.,  1988) or 
the inability to  simultaneously immunolabel for the CD- 
MPR  and  CI-MPR  at  the  electronmicroscopical  level 
(Matovcik et  al.,  1990).  Using  HepG2  ceils  containing 
sufficient CD-MPR to perform colocalization with CI-MPR 
and BHK cells transfected with the human cDNAs for both 
receptors,  we demonstrate that the two receptors exit the 
TGR via the same, HA 1-decorated vesicles, and codistribute 
to the same population ofendosomes. However, within endo- 
somes the CD-MPR is more concentrated in the electron- 
dense tubules and vesicles (ATV) that are associated with the 
vacuolar part of the endosome, suggesting a higher rate of 
retrieval of CD-MPR from the maturing endosome. Double 
immunolabeling of the two MPR with markers that puta- 
tively labeled ATV traveling from endosomes to the plasma 
membrane,  the  asiaioglycoprotein receptor  and rab4,  re- 
vealed only limiting co-localization, suggesting that MPR 
localize to a distinct population of endosomal ATV. 
Materials and Methods 
Materials 
The human hepatoma cell line HepG2, clone A16, was cultured as described 
(Stoorvogel et al.,  1987).  BHK cells co-expressing the human CD-MPR 
(average level of overexpression: 49x) and CI-MPR (average level of over- 
expression: 60X) were generated as described by Chao et al. (1990).  The 
transferrin-HRP (Tf-HRP) conjugate was prepared and analyzed as reported 
by Stoorvogel et al. (1988, 1991). Protein A-gold was prepared as described 
(Slot et al.,  1988).  Complexation of BSA with 5 nm gold was performed 
via the same procedure. BSA was dissolved in distilled water and dialyzed 
overnight against distilled water before use. The BSA-gold complex was 
concentrated and stored at 40C until use. The optical density of the gold 
probe at a wavelength of 520 tun was adjusted to 10. Before applying the 
BSA-gold  to the cells it was dialyzed overnight  against MEM, 20 mM Hepes- 
NaOH, pH 7.2  (MEMH). 
Uptake of Endocytotic Markers 
The endosomal pathway in HepG2 cells was marked by the presence of in- 
ternalized Tf-HRP. We choose this marker, because HepG2 cells internalize 
only trace amounts of BSA-gold (see below). HepG2 cells grown on 6-cm 
petal dishes (Costar, Badhoevedorp, The Netherlands) were incubated in a 
37°C waterbath for either 5 or 20 min in 1.5 ml MEMH containing 25 t~g/ml 
Tf-HRP. The uptake of ligand was stopped by the addition of 1.5 ml 4% 
glutaraldehyde in 0.1 M phosphate buffer, pH 7.4. After 3 h at room temper- 
ature the cells were scraped, washed 3 times with PBS at pH 7.4, and stored 
until processing for cryo-nltramicrotorny. 
In contrast to HepG2 cells BHK cells internalized large amounts of BSA- 
gold, which therefore was chosen as an appropriate marker of the endo- 
somal pathway in these cells. Subconfluent BHK cells cultured on 6-cm 
petri dishes (Greiner, Alphen a/d Rijn, The Netherlands) were incubated 
with 1.5 ml of BSA-gold containing medium for 3, 5, or 90 rain in a 37°C 
waterbath. The uptake was stopped by washing the cells with ice-cold 0.1 M 
phosphate buffer, pH 7.4, until no gold could be detected in the buffer. Sub- 
sequently the cells were fixed for 2 h at room temperature with a mixture 
of 0.1% glutaraldehyde (Polysciences Inc., Warrington, PA) and 1% acro- 
lein (BDH Chemicals LTD Poole, England) in 0.1 M phosphate buffer, pH 
7.4, after which the cells were rinsed three times with PBS pH 7.4 and stored 
until processing for cryo-ultramicrotomy. 
Antibodies 
The CD-MPR was immunolocalized with a mAb raised against human CD- 
MPR (10C6; A. Hille, unpublished observation) or with an afffinity-purified 
rabbit antibody ~MSCI),  raised against the cytosolic tail of human CD- 
MPR (Schuize-Garg, C., and A. HiUe, manuscript in preparation). Both an- 
tibodies gave identical labeling patterns. To immunolocnlize the CI-MPR 
in homogenates of HepG2 cells we used an antibody generated against a 
synthetic peptide representing amino acids 2048-2660 of the eytosolic tail 
of the rat CI-MPR, which was kindly provided by G. Lienhard (Dartmouth 
Medical School, Hanover, NH). To immunolocalize the CI-MPR in cryo- 
sections we used affinity-purified rabbit anti-human CI-MPR (Geuze et al., 
1985). The specificity of the labeling was confirmed in BHK cells that were 
not transfected for either MPR and in which immunolabeling with the anti- 
human MPR yielded virtually no gold label (not shown). Rabbit anti-HRP 
was purchased from  Sigma Immunochemicals (St.  Louis,  MO).  Anti- 
human asialoglycoprotein receptor (ASGPR) has been described by Geuze 
et al. (1983, 1984). On isolated organeUes the ASGPR was monitored using 
a mouse IgG1 mAb (4FI), which specifically recognizes the cytoplasmic tail 
of the HI subunit of the human ASGPR on Western blots and by immuno- 
precipitation (not shown). These interactions could be inhibited by the addi- 
tion of excess synthetic peptide comprising the first 17 amino acids of the 
ASGPR H1 polypeptide. The antibody against the 3, adaptin of the HA I 
complex has been described (Aide et al., 1988). Rabbit anti-raM was a kind 
gift of Dr. B. Goud (Institut Pasteur, Paris, France). 
Processing  for Electronmicroscopy 
Control cells were fixed with a mixture of 0.2%  glutaraldehyde and 2% 
acrolein in 0.1 M phosphate buffer, pH 7.4, that was added to an equal vol- 
ume of  culture medium. After 2 h at room temperature the cells were rinsed 
3  times with PBS  and  stored until  further processing. In case of im- 
munolabeling with anti-ASGPR the cells were fixed in 2% formaldehyde 
(Merck, Darmstadt,  Germany) in 0.1  M  phosphate buffer during  16 h. 
Higher concentrations of formaldehyde or the addition of glutaraldehyde or 
acrolein abolished the labeling. Rab4 could be localized when cells were 
fixed in the ghitaraldehyde/acrolein mixture or in 2 % glutaraldehyde in 
0.1 M phosphate buffer. 
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with 0.15% glyeine in PBS. Then the cells wore resuspended in 10% gela- 
tine in PBS, which was cut into l-ram  3 squares at 4"C. These blocks were 
impregnated with 2.3 M sucrose at 4°C for a least 2 h and frozen in liquid 
nitrogen. Cryoseetions were prepared and single, double, or triple immuno- 
labeled as described (Slot et al.,  1988,  1991). 
Semi-quantitative Immuno-electronmicroscopy 
The distribution patterns of the CD-MPR and CI-MPR over the various 
compartments of HepG2 cells were established in a semi-quantitative man- 
ner. We selected areas of the grids that contained cells exhibiting a good 
overall ultrastructure. These areas were scanned along a fixed track. Gold 
particles within a distance of 30 rim from a membrane were counted as posi- 
tive. Nonspecific labeling, measured over the nuclei, amounted 1 gold parti- 
cle per 4.3 t~m  2 for anti-CD-MPR antibody 10C6,  1 gold particle per 6.45 
/~m  2 for anti-CD-MPR antibody MSCI and 1 gold particle per 19 t~m  2 for 
anti-CI-MPR. These values were considered neglectable. All quantitations 
in HepG2 cells were performed in triple-immunolabeled cells, allowing a 
direct comparison of the CD-MPR, the CI-MPR, and internalized Tf-HRP, 
and performed on at least two different grids. Quantitation of the distribu- 
tion pattern of the two MPRs in BHK cells was performed in a similar way, 
using BSA-gold as an endocytotic marker. Because of the high labeling in- 
tensity of the two MPRs in the double-transfected BHK cells quantitations 
were performed on single immunolabeled cells. 
Preparation and Immunolabeling of Cell Homogenates 
on Nitrocellulose 
HepG2 cells grown in 6-era culture dishes were washed three times with 
MEMH, followed by a 30-rain incubation in MEMH in a 37°C waterbath. 
After, having depleted the transferrin receptors from their ligands, the cells 
were incubated for 30 rain at 37"C in MEMH supplemented with 25 t~g/ml 
Tf-HRP. Excess ligand was removed by four washes in ice-cold MEMH. 
Tf-HRP bound to receptors at the plasma membrane was removed by 10- 
min incubations at pH 4.5 (150 mM NaCI, 50 ~M desferrioxamine, 2 mM 
CaClz, 25 mM Na-acetate/acetic acid, pH 4.5) and MEMH, respectively 
(Stoorvogel et al.,  1991).  After ligand internalization and removal of ex- 
tracellular ligand, the cells were washed with, scraped, and homogenized 
in homogenization buffer (0.25  M sucrose, 1 mM EDTA, 1 mM PMSF, 10 
mM Hepes/NaOH, pH 7.2) by passing them 10 times through a 30-gauge 
syringe. After a 10-min centrifugation at 350 g  100-/zi samples of the post- 
nuclear supernatant were applied to 0.4 t~m nitrocellulose paper which was 
placed  in  a  dot-blot apparatus.  After pulling  the  samples through the 
nitrocellulose under mild vacuum,  adhered proteins and organdies were 
fixed in 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4,  for 60 min 
at room temperature. After a 30-min wash with 0.1 M phosphate buffer the 
filters were incubated 30  min at room temperature in 0.1  M  phosphate 
buffer,  pH  7.4,  containing  1  mg/ml  3,3'-diaminobenzidine and  0.02% 
H202.  The nitrocellulose spots were cut out and transferred to PBS. Han- 
dling of the filters occurred by placing them in eppendorf vials containing 
Figure 1.  Overview of the immunogold labeling achieved for the CD-MPR in control HepG2 cells. Label is present in a  profile (arrow) 
near a Golgi complex (G) and in both the central vacuole ('Jr) and the associated electron-dense tubules and vesicles (arrowheads) of endo- 
somes.  Bar, 0.1  #m. 
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with PBS/0.15% glycine and once for 45 rain with PBS/I% BSA. Next the 
filters were incubated for 60 re_in in PBS containing the first antibody that 
was directed against the cytoplasmic tail of the CD-MPR, CI-MPR, or 
ASGPR. Excess of antibody was removed with three washes of 5 min each 
with  PBS/0.1%  BSA.  Filterbound antibodies were labeled with protein 
A-gold for 20 rain, after which the surplus of  nonbound protein A-gold was 
washed away with PBS (three times 5 min). Anti-ASGPR was detected by 
using  a  rabbit anti-mouse IgG polyclonal antiserum before the protein 
A-gold incubation. Subsequently the filters were fixed 20 min in PBS con- 
taining 2 % glutaraldehyde. After incubations for 5 rain in PBS and three 
times 5 min in PBS/0.15%  glycine the filters were labeled with a second 
antibody followed by protein A-gold particles of a different size than used 
for the first antibody.  Labeling efticiencies were independent of the se- 
quence of incubation with the anti-receptor antibodies, Finally the filters 
were impregnated with 2 % agar in aqua dest and postfixed  in 2 % glutaralde- 
hyde in 0.1 M Na-cacodylate for 30 rain at room temperature. After three 
washes with 0.1 M Na-cacodylate a final fixation of 30 min with 1% OsO4 
in0.1 M Na-cacodylate was performed. The filters were embedded in Epon 
as described (Klumperman et al.,  1990). 
Results 
SubceUular Localization of  the CD-MPR and the 
CI-MPR in HepG2 Cells 
Immunolabeling of the CD-MPR in cryosections of HepG2 
cells yielded a specific labeling pattern (Fig. 1). Like the CI- 
MPR (Geuze et al., 1985), the CD-MPR was localized to the 
TGR, endosomes, cytoplasmic vesicles, and at the plasma 
membrane. TGR elements were recognized by their charac- 
teristic morphology (Geuze et al.,  1985,  1993), their prox- 
imity to the Golgi stack and the absence of internalized Tf- 
HRP. The types of membranes that following these criteria 
were defined as TGR provided the principal sites of label for 
the Golgi adaptor HA I (see below). Both CD-MPR and CI- 
MPR were found in coated and noncoated membranes of the 
TGR, while label over the Golgi cisternae was low (Fig. 2). 
To make a distinction between early and late endosomes 
we tried to correlate the ultrastructural diversity of the MPR 
containing endosomes with a putative time-dependent ap- 
pearance of internalized Tf-HRP. However, already after 5 
min of uptake Tf-HRP was detected in all types of MPR con- 
taining endosomes (data not shown, see also Stoorvogel et 
al.,  1991). We therefore used morphological criteria to dis- 
cern two subsets of  endosomes. Endosomes containing MPR 
consisted of a central vacuolar element and associated tu- 
bules. The lumen of the central vacuoles contained various 
numbers of internal vesicles (Fig. 3, B-F). The numbers of 
internal vesicles are considered to indicate the developmen- 
tal stage of endosomes along the endocytotic pathway since 
these vesicles accumulate upon maturation (Hopkins et al., 
1990;  Klumperman et al.,  1990;  Slot et al.,  1991;  Stoor- 
vogel et al., 1991; van Deurs, B., personal communication). 
We distinguished ~early" endosomes with up to three internal 
vesicles in the central vacuole (Fig. 3, A-D) and qate" endo- 
somes of which the central vacuole carried many internal 
vesicles (Fig. 3, E and F). Membrane continuities between 
the central vacuole and the associated tubules are shown in 
Fig. 3, B and E  but usually the tubules appeared as electron 
dense  vesicles in  close proximity to  the  central vacuole. 
Since we could not discriminate between endosome-associ- 
ated tubules in cross section and free vesicles we designated 
this part of the endosomal complex as ~ssociated tubules 
and vesicles" (ATV). Fig. 3 shows that both MPRs were found 
in the central vacuole and in the A'rv. 
Both receptors were also found in typical, small, electron- 
dense vesicles located throughout the cytoplasm. The vesi- 
cles were ~,90 nm in diameter, they did not bear an electron- 
dense coat, and were devoid of label for Tf-HRP. Morpho- 
logically they resembled the endosomal ATV, but at least in 
the plane of the section, they were not associated with endo- 
somes.  Therefore  we  called  these  vesicles  "cytoplasmic 
vesicles" 
Figure  2. Double immunolabeling of  the CD-MPR (10 nm gold) and the CI-MPR (15 nm gold) in the TGR of HepG2 cells. The two receptor 
types colocalize both in noncoated and coated (arrows) regions of the TGR. Label over the Golgi-stack (G) is only low. Bar, 0.1 /~m. 
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somes of HepG2 cells containing various amounts of internal membranes.  The endosomes  (~r) in A-D were designated early in E and 
F late. Note that both receptors  are present in the central vacuole of the endosomal complex as well as in the dense associated tubules 
and vesicles,  the so-called ATV (small arrowheads). The arrows in B and F point to continuities between these two subcompartments. 
Only occasionally  we found Tf-HRP label in the ATV (D, large arrowhead). P, plasma membrane.  Bars, 0.1  #m. 
Semi-quantitative Analysis of the Distribution of the 
CD-MPR and CI-MPR in HepG2 Cells 
The relative distribution of the CD-MPR and CI-MPR over 
the different compartments was assessed in a semi-quantita- 
tive manner using cryosections triple immunolabeled for the 
two receptors and internalized Tf-HRP. The results of this 
quantitation are presented in Table I. The major site of label- 
ing for both receptors was the TGR, i.e.,  in Tf-HRP-nega- 
tive, Golgi-associated, partially coated, membranes: 37.3 % 
of  the CD-MPR and 39.6 % of  the CI-MPR label. Endosomes, 
i.e.,  Tf-HRP-positive complexes  of  central  vacuole  and 
ATV, contained 14.3% of CD-MPR and 22.3% of CI-MPR 
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in Triple-immunolabeled (CD-MPR;C1-MPR;  Tf-HRP) 
Cryosections of HepG2 Cells After 20 Min Tf-HRP Uptake 
Percent  Percent 
CD-MPR  +  SEM  CI-MPR  5: SEM 
TGR  37.3  +  2.9  39.6  +  2.5 
Golgi Stack  1.9  +  1.1  1.7  +  0.9 
Early endosomes  7.4  +  2.1  10.0  +  2.3 
Late endosomes  6.9  +  1.3  12.3  +  1.2 
Cytoplasmic vesicles  22.7  +  1.7  11.7  +  1.6 
Plasma membrane and  5.3  +  0.3  7.6  +  0.2 
coated pits 
Rest  18.4  +  2.7  17.1  +  2.3 
The numbers of gold particles over  the  different cell compartments are expressed 
as percentage of the totals counted for each MPR and represent the mean of four 
separate quantifications in different grids. The different categories were defined 
as described in the text. In total 1,491 gold particles representing the CD-MPR 
and 2,632 gold particles representing the CLMPR were encountered. 
label. The two MPRs and Tf-HRP colocalized to both early 
and late endosomes (Fig. 3), but in late endosomes the per- 
centage of CI-MPR label was significantly higher than for 
the CD-MPR (t test, p  =  0.05). 
Another significant difference was the relative distribution 
of the label over the cytoplasmic vesicles. Compared with 
the CI-MPR twice as much CD-MPR label was found in this 
type of vesicles. Consistent with biochemical data (Stein et 
al.,  1987b; Pfeffer et al.,  1987) small numbers of the CD- 
MPR (5.3%) and the CI-MPR (7.6%) were found at the cell 
surface.  Both  receptors  were  detected  within  the  same 
coated pits, indicating a common path of entry. 
Finally, label for both receptors was found over uniden- 
tiffed membranes and over profiles each of which contained 
<3 % of  the total label. We collected this label in the category 
"rest  y Presumably part of  the unidentified membranes repre- 
sented TGR which was not classified as such, because the as- 
sociated Golgi stack was not observed. No differences in 
labeling for both receptors within this category were detected. 
Colocalization  of  the CD-MPR and CI-MPR in 
HA I-coated Vesicles of the TGR 
The Golgi adaptor HA I has been found to mediate the incor- 
poration of CI-MPR in vesicles destined for transport to en- 
dosomes (Glickman et al., 1989). To investigate whether HA 
I-coated TGR vesicles harbor both MPR species, we triple- 
immunolabeled sections for HA I, CD-MPR, and CI-MPR. 
CI-MPR and CD-MPR colocalized in noncoated regions of 
the TGR and in the same, coated TGR buds and vesicles (Fig. 
2), which were HA I positive (Fig. 4). By determining the 
number of gold particles per membrane length we have pre- 
viously  found  that  the  CI-MPR  is  concentrated  in  HA 
I-coated TGR membranes over noncoated TGR membranes 
Figure 4.  Colocalization of the CD-MPR and CI-MPR in different regions of the TGR of HepG2 cells. A triple immunolabeling was per- 
formed by subsequent incubation with antibodies against the adaptor protein HA I (5 nm gold), the CD-MPR (10 nm gold), and the CI-MPR 
(15 nm gold). The two MPRs colocalize within HA-I coated vesicles (arrows). G, Golgi complex. Bars, 0.1/~m. 
The Journal of Cell Biology, Volume 121, 1993  1002 Table 11. Relative Distribution of the CD-MPR 
and CI-MPR in HA 1-positive and HA 1-negative 
Membranes of the TGR 
TGR area  Percent  CD-MRP  Percent  CI-MPR 
HA I-positive  50.7  50.5 
HA 1-negative  49.3  49.5 
The quantitation was performed  in 25 TGR profiles which were identified as 
tubulo-vesicular compartments in close proximity of a Golgi stack. The num- 
bers of gold particles found over the indicated areas are expressed as percent- 
ages of total label within the TGR. In total 142 gold particles representing the 
CD-MPR  and 412 gold particles  representing  the CI-MPR were counted. 
of HepG2 cells (Geuze et al.,  1992).  To study this for the 
CD-MPR we compared the proportion of the two receptors 
within coated and noncoated regions of the TGR. As shown 
in Table II the ratio of CD-MPR over CI-MPR was equal in 
the coated and noncoated membrane areas of the TGR. To- 
gether  with  our  previous  results  this  indicates  that  both 
receptors are enriched to the same extent in the HA I-posi- 
tive TGR membranes, suggesting that these areas provide a 
common exit site for the two MPRs from the TGR. 
Relative Distribution of the CD-MPR and the 
CI-MPR Over Endosomal Subcompartments 
Within endosomes both the CD-MPR and the CI-MPR were 
found in the central vacuole, as well as in the ATV (Fig. 3). 
However, the relative distribution of the two receptors over 
these two subcompartments differed significantly.  In early 
endosomes 41.5%  of the CD-MPR was found in the ATV, 
as compared with  13.5%  of the CI-MPR label (Table 111). 
Table IlL Relative Distribution of the CD-MPR 
and CI-MPR Over the Central Vacuole and ATV of 
Early and Late Endosomes of  HepG2 Cells 
Type of  Percent  Percent  Percent CD-MPR/ 
endosome  Subcompartment  CD-MPR  CI-MPR  Percent  CI-MPR 
Early  Central  vacuole  58.5  86.5  0.68 
ATV  41.5  13.5  3.07 
Late  Central vacuole  37.9  82.7  0.46 
ATV  62.1  17.3  3.59 
Quantitations were performed in cryosections that were triple immunolabeled 
for the two receptors and internalized Tf-HRP.  The numbers of gold particles 
found over the two endosomal subcompartments are expressed as percentages 
of the total labeling within early or late endosomes. In total, 99 early and 121 
late endosomes  were encountered. 
Thus the CD-MPR is enriched over the CI-MPR in ATV by 
a factor of 3.07. In late endosomes this differential distribu- 
tion is even more pronounced: 62.1% of the total CD-MPR 
label was found in the ATV, as compared with 17.3  % of the 
CI-MPR label (relative enrichment of CD-MPR in the ATV: 
3.59). When the ratio of CD-MPR over the CI-MPR in the 
ATV versus that in the central vacuole is calculated the rela- 
tive enrichment of the CD-MPR is even more obvious, i.e., 
4.5 in early and 7.8 in late endosomes. Thus, in the ATV of 
both early and late endosomes the CD-MPR is enriched over 
the CI-MPR. 
Double-immunolabeling  of  MPR with ASGPR 
and RaM 
After retrieval from the endosome, transport of MPR to ei- 
Figure 5.  Double  immunolabeling  of the 
CD-MPR (5 nm) and the ASGPR (10 rim) 
in  HepG2 cells.  Although limited  colocal- 
ization within the same ATV occurs (arrows), 
the majority of vesicles contain either CD- 
MPR (small arrowheads) or ASGPR (/arge 
arrowheads). Bars, 0.1  #m. 
Klumperman et al. Localization of the Two Mannose 6-Phosphate Receptors  1003 Figure 6. Immunolocalization of rab4 to endosomes (~,) of HepG2 cells. (A) rab4 (10 nm gold) is mainly associated with endosomal ATV 
(arrowheads). (B) Double immunolabeling of rab4 (10 nm gold) and CD-MPR (15 nm gold). (C) Double immunolabeling of rab4 (10 
nm gold) and CI-MPR (20 nm gold). ATV containing either rab4 (arrowheads)  or MPR (/arge arrowheads)  are indicated. Bars, 0.1 #m. 
ther the plasma membrane or the TGR may occur. For both 
pathways the involvement of endosomal ATV has been pro- 
posed (Geuze et al., 1983,  1987,  1988). To discriminate be- 
tween these  two  classes  of recycling vesicles  we  labeled 
HepG2 cells for the ASGPR, known to cycle predominantly 
between endosomes and the plasma membrane (for review 
see Schwartz, 1984). We preferred the ASGPR as a marker 
for this pathway over internalized Tf-HRP, since it resulted 
in a higher yield of label in the ATV. Double-immunolabel- 
ing revealed only limited colocalization of the CD-MPR and 
ASGPR, most of the label for either receptor being concen- 
trated in separate subpopulations dense vesicles, i.e., endo- 
somal ATV and the cytoplasmic vesicles (Fig.  5). 
Recent studies by Van de Sluys et al. (1992) on the regula- 
tion of recycling of transferrin receptors by rab4 identified 
this  monomeric GTP-binding protein  as  another putative 
marker for recycling vesicles from endosomes to the plasma 
membrane. Under strong fixation conditions we succeeded 
to immunolocalize rab4 in HepG2 cells. In agreement with 
a role in recycling from endosomes, rab4 was found at the 
cytosolic face of ATV of  both early and late endosomes (Fig. 
6 A). Some of the rab4 containing vesicles were surrounded 
by an electron-dense coat. Rab4 was not present at the cen- 
tral vacuole of endosomal complexes. Double immunolabel- 
ing of rab4 and CD-MPR (Fig. 6 B) or rab4 and CI-MPR 
(Fig. 6 C) showed that only occasionally MPR codistributes 
to rab4 positive endosomal ATV.  Quantitative analysis of 
Table IV. Relative Distribution  of CD-MPR, CI-MPR, and 
Rab4 in ATV of Early and Late Endosomes 
Type of 
ATV  Only ralM  Rab4 and MPR  Only MPR 
(Number)  :i: SEM  -I-  SEM  + SEM 
CD-MPR  Early (98)  47.7  +  6  8.3  +  2.3  44.3  5:3.5 
Late  (119)  50.7  +  7.5  9.0  +  2.5  40.3  5:9.9 
CI-MPR  Early (158)  33.7  +  3.8  14.7  +  4.1  52.3  +  2 
Late (116)  41.1  +  8.4  5.8  +  3  52.3  5:8.1 
Cryosections of HepG2 cells were double immunolabeled for rab4 and either 
CD-MPR or CI-MPR and randomly screened for endosomes. Each ATV was 
classified as in the table. The figures represent percentages (means of three sep- 
arate quantitations on different grids) of the total number of ATV counted. 
The Journal of Cell Biology, Volume  121, 1993  1004 Figure 7. Double immunolabeling of the CD-MPR and CI-MPR (,4 and B) and the CD-MPR and ASGPR (C) or organelles isolated from 
HepG2 cells. After 20 rain of Tf-HRP internalization postnuclear  supernatants were applied to nitrocellulose filters and immunolabeled 
with antibodies against the cytosolic tails of  the respective receptors. The presence of Tf-HRP was visualized by the DAB reaction product. 
(,4) CD-MPR 5 nm gold; CI-MPR 10 nm gold. Tf-HRP  positive structure (arrow)  in which the gold label for both MPRs is evenly distributed 
along the membrane. A vesicle bearing only CD-MPR label is indicated with an arrowhead.  (B) CD-MPR 10 tim gold; CI-MPR 5 nm 
gold. Tf-HRP positive structure in which the two MPRs are segregated in the plain of the membrane.  (C) CD-MPR 10 nm gold; ASGPR 
5 nm gold. Most of the Tf-HRP positive structures label for either the CD-MPR (/arge arrowheads) or the ASGPR (small  arrow). Only 
a few CD-MPR gold particles colocalize with ASGPR in Tf-HRP positive vesicles (arrows). Tf-HRP-negative structures containing CD- 
MRP only arc seen at the small arrowheads.  Bars, 0.1 #m. 
these labeling patterns revealed the existence of two distinct 
populations of ATV, with either MPR or rab4 label (Table 
IV).  Unfortunately,  the  labeling  efficiency  of  the  anti- 
ASGPR antibody in cryosections of cells fixed under condi- 
tions needed to visualize tab4 was too low to allow a com- 
parison of the distribution patterns of these two markers. 
Together these data show the existence of different sub- 
populations of endosomal ATV, and that only a minority of 
MPR is present in ATV that are likely to travel to the plasma 
membrane. 
Immunolabeling of the CD-MPR, CI-MPR, and 
ASGPR in Isolated Membranes 
To further study the distribution of the two MPRs along con- 
tinuous membranes, we labeled a crude cellular membrane 
fraction with antibodies against the cytosolic tails of the two 
receptors.  With  this  method  antigenic  epitopes  in  whole 
membranes can be labeled and not, as in cryosections, only 
those at the section surface. This leads to a considerable in- 
crease in the yield of gold label (Fig.  7).  Before fraction- 
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electron-dense DAB-reaction product was used as a marker 
for endosomes. 
With antibodies directed against the cytosolic tails of the 
two MPRs, we obtained an abundant and specific reaction in 
a variety of membranes, whereas nonspecific labeling of mi- 
tochondria for example was very low. Double immunolabel- 
ing showed that the majority of MPR-positive structures con- 
tained both receptors, with the gold label evenly distributed 
over the membranes (Fig. 7 A). In agreement with our obser- 
vations in cryosections that the two MPRs can be laterally 
segregated along continuous  membranes, we occasionally 
observed DAB-positive compartments in which the labeling 
of the two receptors was clearly segregated (Fig.  7 B). 
We also used this approach to investigate whether the sub- 
populations of dense vesicles enriched for either CD-MPR 
or ASGPR as shown in Fig. 5 were indeed derived from en- 
dosomes. Double immunolabeling of the isolated organelles 
for the CD-MPR and ASGPR (Fig. 7 C) showed within these 
fractions small DAB-positive vesicles that were either en- 
riched in CD-MPR or in ASGPR label. These data indicate 
that the CD-MPR and ASGPR are sorted into different sub- 
populations of endosomal ATV.  The application of this ap- 
proach to study the distribution of receptors and cytosolic 
factors is under current investigation. 
Relative Distribution of the CD-MPR and 
CI-MPR in Endosomes of  BHK Cells Expressing 
the Human Receptors 
The proportions of CD-MPR and CI-MPR present in TGR 
and endosomes of HepG2 cells differ from values published 
for NRK ceils (Grifliths et al.,  1990).  In these cells >90% 
of the CI-MPR label was found in endosomes, and <1% in 
the TGR. To investigate the possibility that HepG2 cells dis- 
play an exceptional rather than a general distribution pattern, 
we extended our studies to BHK cells which were cotrans- 
fected with the human cDNAs encoding for the CD-MPR 
and CI-MPR (Chao et al., 1990). Endosomes were identified 
by the presence of internalized BSA-gold. Analogous to the 
HepG2 cells, labeling for both receptors was found within 
the endosomes (Fig. 8), TGR, cytoplasmic vesicles, and at 
the plasma membrane (not shown). Both MPRs were found 
within the same endosomes. As was the case with Tf-HRP 
in HepG2 cells, labeling with BSA-gold did not allow a reli- 
able differentiation between different types of endosomes in 
these cells. Already after 3 min of  uptake we found BSA-gold 
within all MPR-containing endosomes. The ultrastructure of 
MPR containing endosomes in BHK cells was much more 
variable than in HepG2 cells (see also Grifliths et al., 1989), 
which prevented us from making an analogous distinction 
between two subsets of endosomes. 
Semi-quantitative analysis of the subeellular distributions 
of  the two MPRs showed that more of  both MPRs was present 
Table  V. Subcellular  Distribution  of the CD and 
CI-MPR in Cryosections of BHK Cells Transfected with 
the Human cDNAs for the Two Receptors 
Percent  Percent 
CD-MPR + SEM  CI-MPR  + SEM 
TGR  18.5 +  1.5  10.5  + 2.5 
Golgi stack  1.0 4- 0.0  0.0 4- 0.0 
Endosomes  28.0 4- 4.0  34.0 4- 2.0 
Cytoplasmic vesicles  36.0 4- 5.0  19.0 4- 2.0 
Plasma membrane and  6.5  4- 1.5  13.0 4- 2.0 
coated pits 
Rest  9.5  4- 0.5  23.0 4- 4.0 
Endosomes were marked with internalized BSA-gold. The numbers of gold 
particles over the different  cell compartments  are expressed  as percentage  of 
the totals  counted for each MPR and represent  the mean  of two separate  quan- 
titations in different grids. In total, 2,169 gold particles representing the 
CD-MPR and 2,400 gold particles  representing  the CI-MPR  were encountered. 
in endosomes of BHK cells than in HepG2 cells (Table V). 
Of the CD-MPR,  18.5%  and of the CI-MPR,  10.5%  were 
present in the TGR. The typical cytoplasmic electron-dense 
vesicles now provided the main site of label for the CD-MPR 
(36%). As in HepG2 cells twice as much of CD-MPR than 
CI-MPR  label  was  found  in  these  cytoplasmic vesicles. 
Semiquantitative analysis of the relative distribution of the 
two receptors over the distinct endosomal subcompartments 
(central vacuole and ATV) revealed that 41%  of the CD- 
MPR and 14.5% of CI-MPR was present in the ATV, indi- 
cating an enrichment of the CD-MPR over the CI-MPR in 
the ATV of 2.8 and, when compared with the central vacu- 
ole, of  4. These data are consistent with those in HepG2 cells 
and indicate that the differential distribution of the two MPRs 
over the  endosomal subcompartments is  not  a  cell  type- 
specific phenomenon and that TGR contains  a  significant 
pool of the cell's MPRs. 
Discussion 
In this paper we directly compared the subcellular distribu- 
tions of the CD-MPR and the CI-MPR by means of double 
immunolabeling. Only such a morphological approach can 
answer the question whether the two MPRs reside together 
within the same structures and also allows measuring of the 
relative occurrence of the two receptors within a particular 
structure. We performed our studies in the human hepatoma 
cell line HepG2 and  in BHK cells cotransfected with the 
cDNAs for the human CD-MPR and CI-MPR. In both cell 
lines the CD-MPR and CI-MPR colocalized to the TGR, en- 
dosomes, cytoplasmic vesicles, and the plasma membrane. 
A compartment that labeled for one of the MPRs exclusively 
was not found. These observations are in agreement with the 
work of Messner et al. (1989), who studied the distribution 
Figure 8. Immunolabeling of the CD-MPR and CI-MPR in endosomes of BHK cells cotransfected with the cDNAs encoding the human 
receptors. Both MPRs are present in endosomes (,k) which were identified by the presence of internalized BSA-5 nm gold (A-C) CD-MPR 
(10 tun gold). (D-F) CI-MPR (10 rim gold). (G) Double immunolabeling of the CD-MPR (10 nm gold) and the CI-MPR (15 nm gold). 
Note that colocalization of endocytosed BSA-5 nm gold with either receptor in the dense typical electron-dense ATV (arrowheads)  only 
rarely occurs.  Bars, 0.1 #m. 
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tionation and immunoabsorption, concluded that they codis- 
tribute. 
In the TGR triple immunolabeling showed that CD-MPR 
and CI-MPR codistributed and concentrated to the same ex- 
tent in the same HA I-coated buds. Hence, the two types of 
MPR provide the first example of two different proteins that 
concentrate in the same, specialized area of the TGR. This 
finding is of apparent interest with respect to elucidating the 
role of  the formation of  protein-lipid clusters in TGR sorting 
(Simons and Van Meer, 1988). In view of receptor traffick- 
ing their codistribution to HA I-coated buds and vesicles 
strongly suggests that en route to the endosomes the two 
MPRs use a common exit from the TGR. 
Semiquantitative analysis of the immunogold labeling in 
cryosections of both HepG2 and BHK cells showed that a 
considerable percentage of total label of the two MPRs is 
present in the TGR: 37.3% of CD-MPR and 39.6% of CI- 
MPR label  in HepG2 cells,  and  18.5%  of CD-MPR and 
10.5%  of CI-MPR in  BHK cells.  Respectively,  14.3  and 
22.3%  of total CD-MPR and CI-MPR label was present 
within endosomes of HepG2 ceils and 28 and 34%, respec- 
tively, in the endosomes of  BHK cells. These data differ from 
those published for NRK cells (Griffiths et al.,  1990), in 
which over 90% of CI-MPR was found in endosomes. Our 
results indicate that the steady-state distribution of MPR in 
TGR and endosomes may vary between different cell types 
and that TGR can contain a considerable part of the intracel- 
lular MPR pool. 
We have chosen for ultrastructural criteria to distinguish 
two subsets of endosomes. Many morphological studies on 
different cell types have shown that endosomes containing 
numerous internal vesicles within the central vacuole are at 
a relatively late stage in the endocytic pathway. It was postu- 
lated by Hopkins et al. (1990) that by a process of"microau- 
tophagy" endosomes gradually accumulate internal vesicles 
until they are eventually loaded with internal membranes. 
Uptake of endocytotic markers illustrated that the bulk of 
markers  reaches these type of endosomes only after pro- 
longed periods of endocytosis (e.g., Jost et ai., 1991; Klum- 
perman et ai.,  1991;  Livne and Oliver,  1986;  Mommaas- 
Kienhuis et ai.,  1985).  Also,  functional differences exist 
between  morphologically  defined  subsets  of endosomes. 
It was found that endosomes containing abundant internal 
vesicles do not harbor the insulin-regulatable glucose trans- 
porter before its  translocation to  the  plasma  membrane, 
whereas empty vacuoles did (Slot et al.,  1991). Endosomes 
in HepG2 cells resembled those as described earlier and we 
therefore tentatively distinguished early and late endosomes 
on the basis of a number of internal vesicles. In contrast, we 
found the endosomal population in BHK cells too diverse to 
be categorized in a similar way. The exogenous tracers Tf- 
HRP and BSA-gold endocytosed for as short as 3 min were 
found to be present in both subsets of endosomes. This ob- 
servation may reflect an incomplete block of endocytosis af- 
ter addition of  the fixative. More likely, however, it illustrates 
that endocytosed material can directly be transported to late 
endosomes (Stoorvogel et al., 1991; Van Deurs, B., personal 
communication). 
A striking difference in the localization patterns of the two 
MPRs in both HepG2 and BHK cells was the relative preva- 
lence of the CD-MPR in a population of small cytoplasmic 
vesicles with a characteristic electron-dense content. These 
profiles provided an important site of CD-MPR label. Mor- 
phologically these cytoplasmic vesicles closely resembled 
endosomal ATV and there may well be an overlap between 
these two categories. Also, the relative distribution of  the two 
MPRs over the endosomal central vacuoles and ATV differed 
markedly.  The CD-MPR was found to concentrate in the 
ATV, whereas the CI-MPR was more prominent in the cen- 
tral vacuole. In early endosomes this resulted in a relative 
enrichment of the CD-MPR in the ATV as compared with 
the central vacuole with a factor of 4.5. In late endosomes 
this factor amounted to 7.8. In BHK cells cotransfected with 
the human cDNAs encoding the two MPR species, a similar 
difference in the relative distribution between ATV and cen- 
tral vacuoles was found. 
The endosomal ATV may represent vesicles that are in a 
process of either fusion with or detaching from endosomes. 
Possible fusogenic vesicles may derive from endocytosis or 
from the TGR. Our data show that in both HepG2 and BHK 
cells CD-MPR enriched ATV only occasionally contained 
endocytotic tracer. Thus, these vesicles probably do not de- 
rive directly from endocytosis. ATV are probably also not 
TGR-derived transport vesicles headed to fuse with endo- 
somes, since in the HA I-positive coated buds and vesicles 
at the TGR CD-MPR was not enriched over CI-MPR.  We 
therefore favor the idea that the CD-MPR-enriched ATV are 
the structures that mediate receptor sorting from endosomes 
for recycling (Geuze et al.,  1983,  1987,  1988).  Both CD- 
MPR and CI-MPR are known to recycle between endosomes 
and TGR (Draper et al., 1990; Duncan and Kornfeld, 1988; 
Goda and Pfeffer, 1988), but may in part be transported to 
the plasma membrane.  That the CD-MPR-enriched ATV 
would mediate this latter route is unlikely in view of the 
results obtained for the double-immunolabeling studies with 
ASGPR and rab4. The ASGPR, which is an established en- 
dosome to plasma membrane recycling receptor, colocalized 
with  CD-MPR  in  ATV only to a  limited extent.  Recent 
studies (Sluys et al.,  1992) indicated a regulatory role for 
rab4  in  the  recycling of Tf-receptors from (early) endo- 
somes. We now localized tab4 for the first time at the subcel- 
lular level to endosomal ATV in HepG2 cells. Quantitative 
analysis further revealed that only a small subpopulation of 
endosomal ATV contained CD or CI-MPR as well as rab4, 
probably representing vesicles en route to the plasma mem- 
brane. Our results support the notion that endosomal ATV 
are important in sorting at the endosomal level and strongly 
suggest that MPR containing ATV carry MPRs from endo- 
somes to the TGR, the most important target for MPR recy- 
cling vesicles. 
The enrichment of  CD-MPR over CI-MPR in ATV that re- 
trieve the MPRs from the endosomes should lead to a relative 
enrichment of the CI-MPR in late endosomes.  Our semi- 
quantitative data indeed show that in HepG2 cells the CI- 
MPR is enriched over the CD-MPR in endosomes that we 
classified  as  late.  An  alternative  explanation  for  this 
phenomenon is that Golgi-derived CI-MPR, more than CD- 
MPR, can deliver their ligands directly to late endosomes 
(for review see Kornfeld and Mellman,  1989).  However, 
considering that the two MPRs most likely use a common 
exit at the TGR, because of their exclusive colocalization in 
HA I-positive coated buds at the TGR, their targeting to two 
different populations of endosomes seems  unlikely.  Also, 
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MPR enter the endosomal pathway in a relatively early stage 
(Stoorvogel  et  al.,  1991;  Ludwig  et  al.,  1991)  and  that 
lysosomal  precursors  can  be  recovered  from early  endo- 
somes (Ludwig et al., 1991; Rijnboutt et al., 1992). The ac- 
cumulation  of CI-MPR  in  late  endosomes  may  therefore 
reflect a relatively slow retrieval of the CI-MPR from matur- 
ing endosomes. 
In contrast to our observations,  Matovcik et al.  (1990), 
who investigated the distribution of the CD-MPR by the im- 
munoperoxidase technique in clone 9 hepatocytes and NRK 
cells, found the CD-MPR label to be restricted to the TGR. 
Only when cells were cultured in the presence of weak bases, 
label for the CD-MPR was detected in endosomes. This dis- 
crepancy might be explained by experimental differences or 
by different culture conditions. Our study suggests that CD- 
MPR normally occur in endosomes. Separate  studies in our 
laboratory showed CD-MPR present in endosomes of mouse 
L-cells transfected for the human CD-MPR, rat alveolar type 
II  cells  (W.  Voorhout,  W.,  personal  communication)  and 
mouse macrophages  (Harding  and Geuze,  1992). 
A putative mechanism to trigger the segregation of MPR 
into the endosomal ATV is ligand dissociation (Braulke et 
al.,  1987;  Brown  et  al.,  1984;  Gonzalez-Noriega  et  al., 
1980). However, the relation between ligand occupancy and 
MPR  recycling  is  not  clear.  Depletion  of ligands  or free 
receptors was indeed found to affect the steady state distribu- 
tion of the CI-MPR (Brown et al., 1984; Gonzalez-Noriega 
et al., 1980; Geuze et al., 1985), but other studies indicated 
that the recycling itinerary as such was not changed (Braulke 
et al., 1987; Brown, 1990; Pfeffer, 1987). The CD-MPR was 
found to accumulate at its putative delivery site when the dis- 
sociation of ligand was prevented by weak bases (Matovcik 
et al., 1990). On the other hand, weak bases did not induce 
an enhanced secretion of cathepsin D  in cells that lack the 
CI-MPR (Braulke et al., 1988). Optimal binding to the CD- 
MPR occurs only at a narrow pH range,  but the two types 
of MPR release their ligands at a similar pH (Hoflack and 
Kornfeld,  1985a,b;  Hoflack et al.,  1987).  However, other 
factors within the endosomal environment,  e.g.,  the pres- 
ence of cations (Hoflack and Kornfeld, 1985a,b) or the num- 
ber of receptors present (Watanabe et al., 1990), may cause 
the  possible  more  rapid  dissociation  of ligands  from the 
CD-MPR. 
The  lateral  segregation  of the  two MPRs  within endo- 
somes may also be regulated by intrinsic factors independent 
of ligand occupancy;  e.g.,  for CD-MPR,  alteration  of the 
oligomeric  state may affect its  recycling kinetics (Waheed 
and yon Figura,  1990). Signals for differential  sorting of the 
two MPRs may,  for instance,  reside in their cytosolic do- 
mains, which do not show significant sequence homologies. 
On the other hand, the lumenal or transmembrane  domain 
of the CI-MPR have been postulated to play a role for intra- 
cellular  trafficking  of the  receptor  (Dintzis  and  Pfeffer, 
1990). Whether the lumenal or transmembrane domain are 
specifically involved in differential  sorting within endosomal 
membranes is not known to date. 
Taken together our results suggest that the two types of 
MPR exit the TGR via the same HA I-decorated vesicles and 
consequently deliver their ligands to the same subsets of en- 
dosomes.  The  enrichment  of the  CD-MPR  in endosomal 
ATV as compared to central vacuoles and the predominance 
of CI-MPR in late endosomes suggest that upon arrival in the 
endosomes the CD-MPR  is more efficiently retrieved  into 
the ATV. The limited colocalization of the CD-MPR and the 
ASGPR or rab4 within the ATV indicates that the CD-MPR 
containing ATV are targeted  to the TGR rather than to the 
plasma membrane. 
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